Abstract
convert black carbon mass concentration to light absorption coefficient ( ). MAE is a quantity to describe 48 the light absorption ability per unit EC mass: 49
MAE (
2 −1 ) = ( −1 ) ( −3 )
(1) 50
As a fundamental input parameter, MAE has a critical impact on BC's radiative forcing estimation in 51 climate modeling studies. Mixing state is one of the governing factors affecting MAE. Light absorption of 52 soot particles is enhanced when coated with non-absorbing materials (Fuller et al., 1999) or weakly absorbing 53 materials (Lack and Cappa, 2010 ) during atmospheric aging. The coating materials can focus more light onto 54 the soot core through the lensing effect, resulting in elevated MAE (Wang et al., 2017) . Strong correlations 55 between MAE and the number fraction of coated particles have been reported in urban areas in China like 56
Shenzhen (Lan et al., 2013) and Xi'an (Wang et al., 2014) , implying that the elevated MAE observed at these 57 locations was mainly due to the elevated fraction of coated of soot particles. Total absorption ( , ) of coated 58 particles can be separated into two parts: primary absorption ( , ) due to the uncoated soot core alone, and 59
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The absorption enhancement factor (Eabs) then can be defined as ratio of the total absorption and primary 63 absorption coefficients or the corresponding MAE values: 64 Two approaches are widely used to determine Eabs from ambient measurements. The first approach 83 removes the coating materials on particles physically using a thermal denuder (TD) (Lack et al., 2012a) or by 84 aerosol filter filtration-dissolution (AFD) (Cui et al., 2016b ). The TD is briefly discussed here. Coating 85
Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2017-582 Manuscript under review for journal Atmos. Chem. Phys. Discussion started: 20 July 2017 c Author(s) 2017. CC BY 4.0 License. materials can be removed by TD at a working temperature around 200 to 300 °C (depending on the charring 86 characteristics of aerosols at the sampling site) to measure , , which are cycled with measurements of 87 , (without passing through TD), allowing Eabs to be obtained from the ratio of , / , following 88
Eq.3. The major advantage of the TD approach is its ability to provide highly time resolved measurements 89 (minutes). A photo-acoustic spectrometer (PAS) is commonly used with TD for detection to satisfy its high 90 time resolution demands. One limitation of the TD approach is that a universal optimal operation temperature 91 does not exist. If the temperature is too low, the coating cannot be fully removed, and charring can occur if 92 the TD temperature is too high, leading to biased results. Another issue is particle loss due to TD, which can 93 be ~ 20% and needs to be taken into account (Ueda et al., 2016) . 94
The second approach is the MAE ratio method, which is also stated in Eq. 3. The key to this method is 95 determining an appropriate MAEp that can represent the MAE from primary emissions. One approach is to 96 adopt the reference MAEp from the literature but it may fail to represent the actual MAEp at a specific sampling 97 site, since MAEp varies temporally and spatially. The other commonly used approach is to determine MAEp 98 from the dependency of MAE on the number fraction of coated soot particles measured by SP2 (Lan et al., 99 2013). Since MAE (y axis) is positively correlated with the number fraction of coated soot particles (x axis), 100
MAEp can be determined by extending the regression line to x=0. 101 However, the high cost of the TD-PAS system and SP2 limit the field measurement of Eabs around the 102 world. In addition, long-term Eabs measurements by a TD-PAS system and SP2 are not easily achieved and 103 rarely reported. On the other hand, an Aethalometer and RT-ECOC analyzer can be effectively deployed for 104 long term measurements and Eabs estimation, at a relatively lower cost. In this study, based on one year of 105 hourly MAE measurements (with the field carbon analyzer and Aethalometer) at a suburban site in the Pearl 106 River Delta (PRD) region of China, quantification of MAEp is demonstrated by a novel statistical approach, 107 the Minimum R squared method (MRS) (Wu and Yu, 2016) . The aim of this study is to demonstrate the 108 capability of Eabs estimation using a year-long dataset from cost-effective instrumentation. The seasonal 109 variability of MAE, AAE and Eabs in the PRD region are characterized and their dependency on air mass 110 origin, biomass burning and RH are discussed. Abbreviations used in this study are summarized in Table 1  111 for a quick lookup. 112
Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2017-582 Manuscript under review for journal Atmos. Chem. Phys. The program is available from  126 https://sites.google.com/site/wuchengust). Details of the Aethalometer setup and data correction can be found 127 in our previous paper . The sunset carbon analyzer was sampling on hourly cycles at a flow 128 rate of 8 Lmin -1 with a PM2.5 sharp-cut cyclone inlet. For each measurement hour, the first 45min were for 129 sample collection and the remaining 15 min for thermal-optical analysis. OC is volatized first by step-wise 130 temperature ramping in an oxygen-free atmosphere while in the second stage EC is combusted in the presence 131 of oxygen. Laser transmittance is applied to correct the charring artifact during the OC stage. 132
Considering a measurement uncertainty of 5% for the Aethalometer(Hansen, 2005) and 24% for the RT-133 ECOC analyzer (Bauer et al., 2009) does not represent MAE from a single or specific primary emission source, instead it reflects an average and 180 effective MAE that has taken consideration of various primary emission sources. Thus, the MAEp is 181 conceptually analogous to (OC/EC)p in the EC tracer method, in which the primary ratio reflects an overall 182 ratio from primary emission sources rather than from a single primary source. 183
The Minimum R squared method (MRS) explores the inherent independency between pollutants from 184 primary emissions (e.g., EC) and products associated with secondary formation processes (e.g., SOC, , ) 185 to derive the primary ratios (e.g., (OC/EC)p, MAEp) in the EC tracer method (Wu and Yu, 2016) . When 186 applying MRS for light absorption enhancement estimation, MRS is used to explore the inherent independency 187 between EC and , , which is gained during atmospheric aging after emission. An example of MAEp 188 estimation by MRS is shown in Figure 1 . Firstly, the assumed MAEp value is varied continuously in a 189 reasonable range (0.01 to 50 m 2 g -1 as shown in Figure 1 ). It is well known that ambient soot particles exhibit an AAE close to unity (Bond, 2001 ). Modeled 248 variability in AAE470-660 of bare soot particles is shown in Figure S1 . For soot particles with Dcore <200 nm, 249 AAE470-660 is very close to 1 and decreases significantly for particles with Dcore >200 nm. Considering a typical 250 
Single scattering albedo (SSA)

261
Variability in modeled SSA of soot particles coated by non-absorbing substances and weakly 262 absorbing materials (e.g. BrC) is shown in Figure S2 . For particles with Dcore<200 nm and Dshell/Dcore <3, the 263 SSA increases gradually (up to ~0.9) with a thicker coating and behaves similarly between clear shell and 264 brown shell scenarios. 265
Mass absorption efficiency (MAE)
266 MAE is a useful indicator for soot mixing state. Variability in MAE of bare soot particles as a function 267 of particle size at a wavelength of 550nm is illustrated in Figure S3 . The magnitude of MAE is sensitive to 268 the soot density assumption, especially for particles <200 nm ( Figure S3 ), but the overall trend of particle size 269 dependency is similar between different density scenarios. MAE peaks at a particle size of 200 nm and 270 decreases dramatically for larger particles. In our MAE calculation, a soot density of 1.9 g cm -3 is adopted, as 271 suggested by Bond and Bergstrom (2006) . The purpose of adopting constant density is to simplify the MAE 272 calculation. It should be noted that the effective density of soot core is highly variable in ambient environments. Considering that the LII technique is specific for BC mass determination which is independent of BC mixing 298 state, the size distribution reported by LII can represent the size distribution of the BC core. A study using a 299
Micro Orifice Uniform Deposit Impactor (MOUDI) found a EC mass size distribution in the PRD exhibiting 300 three modes peaking at ~300, ~900 and ~5000 nm (Yu et al., 2010) , implying a substantial coating of BC 301 particles, and a diameter amplification of 3. A recent closure study on BC mixing state in the PRD region 302
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Monthly characteristics of MAE, AAE and SSA
336
Monthly variations of MAE550 at the NC site are shown in Figure 7a and Table S2 , revealing distinct patterns 337 of higher MAE550 in summer and lower in winter. On the other hand, AAE470-660 is lower in summer and 338 higher in winter (Figure 7b and Table S3 ). Monthly SSA varied from 0.83 to 0.90 without a clear seasonal 339 pattern, as shown in Figure S7 and Table S4 . MAEp estimation for individual months is shown in Figure 7a ratio. These results suggested that elevated AAE observed in the PRD wintertime is unlikely to be dominated 382 by BrC. As discussed in our Mie simulation (section 3.1) and a previous study (Lack and Cappa, 2010) , coating 383 of non-absorbing materials onto soot particles can increase AAE up to 2. Since the monthly average AAE in 384
Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2017-582 Manuscript under review for journal Atmos. Chem. Phys. wintertime didn't exceed 1.2 (Table S3) , the variations of AAE in the PRD are likely more associated with 385 thicker coatings rather than the contribution of BrC. The results also imply that attempts on BrC absorption 386 attribution for the PRD dataset presented in this study could be risky, considering that elevation of AAE is 387 actually dominated by coating (Lack and Langridge, 2013) . 388 Figure S13 , LWC on average accounted for a 397 significant fraction (44%) of non-EC PM2.5 mass, making it an important component of PM2.5 mass and due 398 to high RH in the PRD. Previously, hygroscopic growth was only considered for particle scattering in the 399 IMPROVE formula for chemically resolved light extinction budget studies. In this study f(RH) of MAE was 400 obtained from yearlong measurements as shown in Figure 10a for RH = 30 ~100% and color coded for LWC. 401
The effect of relative humidity (RH) on optical properties
It clearly shows that MAE550 measured in NC is positively correlated with RH and the enhancement can be 402 fitted by a polynomial equation. When RH is close to 100%, the LWC can account for 70% of PM2.5 mass. 403
The maximum f(RH) can reach 1.3, which is higher than the value found in Beijing (1.2) (Wu et al., 2016b) . 404 These results reveal that a large contribution of Eabs is coming from high LWC under high RH in the PRD 405 region. Because RH has a clear diurnal pattern, it can affect the diurnal pattern of Eabs in the PRD. Since the 406 RH effect on Eabs is rarely considered in existing climate models, the inclusion of RH effect can reduce the 407 uncertainty for assessing BC's climate effect. 408
The AAE470-660 dependency on RH is shown in Figure 10b . When RH is low (e.g. 30%), the AAE470-409 660 is around 1.25 and decreases to 1.10 as RH increases to 50%. AAE470-660 remains around 1.12 when RH is 410 50-70%. Then AAE470-660 decreases again when RH is higher than 70% and can reach 1 when RH is close to 411 100%. Since a higher RH results in hygroscopic growth and larger particle diameters, the negative correlation 412
